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Trip to ER

MicroRNA-mediated translational repression in plants
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iRNAs elicit gene silencing at
mthe post-transcriptional level by
several modes of action: translational
repression, mRNA decay, and mRNA
cleavage. Studies in animals have sug-
gested that translational repression
occurs at early steps of translation initia-
tion, which can be followed by deadenyl-
ation and mRNA decay. Plant miRNAs
were originally thought to solely par-
ticipate in mRNA cleavage, but increas-
ing evidence has indicated that they are
also commonly involved in translational
inhibition. Here we discuss recent find-
ings on miRNA-mediated translational
repression in plants. The identification
of AMP1 in Arabidopsis as a protein
required for the translational repression
but not the mRNA cleavage activity of
miRNAs links miRNA-based transla-
tional repression to the endoplasmic
reticulum (ER). Future work is required
to further elucidate the miRNA machin-
ery on the ER.

Introduction

Non-coding RNAs have been increas-
ingly recognized as key players in gene and
genome regulation that impacts develop-
ment and diseases.'> microRNAs (miR-
NAs) are a class of non-coding RNAs of
20-24 nucleotides that serve as sequence-
specific regulators of gene expression in
diverse eukaryotes. The first miRNA
that was discovered and characterized
was Caenorbabditis elegans lin-4, which
regulates developmental timing of the
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animal. Lin-4 was found to target the 3’
UTR of /in-14 and repress lin-14 transla-

tion.*¢

These elegant early studies uncov-
ered translational repression as a mode of
miRNA action in metazoans. To date,
the mechanisms of miRNA biogenesis
and mode of action have been extensively
studied; and it is now known that animal
miRNAs regulate target genes not only by
repressing translation but also by RNA
decay.”” In contrast to animal miRNAs,
plant miRNAs were originally thought to
only participate in mRNA cleavage.'”"
However, increasing evidence has shown
that plant miRNAs are also commonly
involved in translational repression.'?
Now it is recognized that in either ani-
mals or plants, miRNAs elicit silencing
through several modes of action: mRNA
decay, mRNA cleavage, and translational
repression. Most animal miRNAs reduce
target mRNA levels through mRNA
decay, which entails deadenylation and
decapping followed by exonucleolytic deg-
radation.” In rare cases where an animal
miRNA exhibits extensive complementar-
ity to its target mRNA, the miRNA can
induce target mRNA cleavage.”® Plant
miRNAs have a high degree of sequence
complementarity to their target mRNAs
and direct the endonucleolytic cleav-
age of target mRNAs. Following this
cleavage, the 3' fragment is degraded by
XRN4 (EXORIBONUCLEASE4);'41
the 5" fragment undergoes uridylation by
an unknown enzyme followed by 3’ to
5" exonucleolytic degradation, presum-
ably by the exosome.'® Studies on miRNA
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biogenesis, miRNA-target recognition,
or miRNA-mediated mRNA decay or
cleavage have been comprehensively
reviewed.”$121718 [ this Point of View, we
focus on miRNA-mediated translational
repression to highlight recent findings
that connect this mode of action with the
ER in plants.

miRNA-Based Translational
Repression in Animals

The early observation that the lin-4
miRNA reduces LIN-14 protein levels
without influencing /in-14 mRNA abun-
dance in C. elegans established the role of
this miRNA in translational repression.*®
These studies in C. elegans and subsequent
studies in cultured animal cells suggested
that miRNAs interfere with polysomes
that are engaged in translation elonga-
tion.*®"! However, many studies argued
that miRNAs inhibit translation initia-
tion.”*?* For example, m’GpppG-caped
mRNAs but not artificial ApppG-capped
mRNAs were found to be susceptible to
miRNA-based translational inhibition.”
The identification of the initiation factor
elF4A2, which unwinds 5" UTR second-
ary structures to allow the 40S ribosomal
subunit to scan toward the start codon,
as critical for miRNA-mediated transla-
tional repression is also consistent with
miRNAs acting to prevent translation
initiation.” In recent years, several groups
performed ribosome footprint profiling to
assess whether miRNA affects translation
initiation or elongation or causes ribosome
drop-off.3°%* These studies did not observe
a pattern of reduced ribosome density
toward the 3" ends of miRNA target tran-
scripts, which would be predicted if miR-
NAs cause pre-mature ribosome drop-off
or inhibition of translation elongation;
instead, they found that miRNAs cause a
decrease in ribosome occupancy over the
length of target mRNAs, implying that
miRNAs inhibit translation initiation.

Apart from conflicting views on the
steps of translation that miRNAs block,
many studies also debated the roles of
miRNA-mediated mRNA decay and
translational repression in target regu-
lation. In animals, miRNA-mediated
mRNA degradation is not via endonu-
cleolytic cleavage of targets, which occurs
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prevalently in plants, rather is via deade-
nylation followed by decapping and 5'-to-
3" mRNA degradation.”* Global analyses
in mammalian cells, such as RNA-seq to
determine steady-state transcript levels,
quantitative proteomics to measure pro-
tein levels, and ribosome footprint profil-
ing to uncover the status of translation of
transcripts, found that the protein out-
put could be largely explained by steady-
state RNA levels,?>%-42 which led to the
conclusion that mRNA decay is a major
mode of action of mammalian miRNAs.%
However, using zebrafish embryos as well
as Drosophila and human cultured cells,
recent studies examined the two effects of
miRNAs (mRNA decay and translational
repression) with temporal resolution and
revealed that miRNAs first cause trans-
lational repression, which may be fol-
lowed by deadenylation and decay of the
translationally inhibited mRNAsg 30434
As translational repression occurs prior to
any appreciable RNA decay, translational
repression is likely to be the primary func-
tion of animal miRNAs.

The two modes of miRNA-based tar-
get regulation, translational repression
and RNA decay, appear to be mechanis-
tically linked. Many factors involved in
mRNA degradation were also implicated
in translational control. A model for
miRNA-mediated silencing that recon-
ciles existing data involves the following
scenarios: Argonaute (Ago) and associ-
ated GW182 (glycine-tryptophan protein
of 182-kD) potentially interact with the
m’G cap structure, thus interfering with
some unknown early steps in translation
initiation; meanwhile, GW182 recruits
PABP (poly(A)-binding protein) which,
in turn, directs mRNA deadenylation by
PAN2-PAN3 (Pablp-dependent poly(A)
nuclease) and CAFI-CCR4-NOT1 dead-
enylase complexes; lastly, deadenylation
may consolidate translational repression
and lead to mRNA decay through recruit-
ment of decapping factors DCP1/2.434¢
This model, however, does not convey
the subcellular locations where these
steps occur. In light of recent findings
connecting mammalian RNAI and plant
miRNA activities to the ER (see below),
future investigations are necessary to place
various events in miRNA-mediated gene
silencing into a cell biology context.
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POINT-OF-VIEW

miRNA-Mediated Translational
Repression in Plants

In contrast to the situation in animals,
where only a few miRNAs are highly com-
plementary to their targets,¥ in plants,
miRNAs and their targets show a pattern
of near complementarity, suggesting that
plant miRNAs likely act through mRNA
cleavage."” The viewpoint was validated by
studies of Arabidopsis miR171 that dem-
onstrated that it cleaves Scarecrow-like
mRNA targets."

Subsequent studies, however, estab-
lished translational repression as an impor-
tant mode of action of plant miRNAs.
Aukerman and Sakai showed that overex-
pression of Arabidopsis miR172 inhibits
APETAL2 (AP2) protein accumulation
without affecting AP2 RNA abundance.*®
Our early work demonstrated that miR172
patterns floral organ and meristem devel-
opment in Arabidopsis by repressing AP2
expression and showed that it causes dis-
proportionate effects on AP2 expression
at protein vs. mRNA levels.” miR172 is
evolutionarily conserved and also impacts
floral and inflorescence development in
rice.’™! In rice, overexpression of miR172
phenocopies loss-of-function in its tar-
get gene SUPERNUMERARY BRACT
(SNB) without affecting SNB transcript
levels, suggesting that miR172 represses
SNB through translation inhibition.”® It
is worth noting that besides translational
repression, miR172 is able to function via
transcript cleavage. In both Arabidopsis
and rice, 3’ fragments from miR172-
guided cleavage of AP2 and other target
transcripts can be detected with 5" RACE-
PCR.#5%2 In fact, overexpression of
miR172 leads to enhanced cleavage of AP2
mRNA® Despite the enhanced cleav-
age of AP2 mRNA, miR172 overexpres-
sion fails to affect the steady-state levels
of the AP2 transcript,®* possibly due to
feedback regulation that allows enhanced
transcription of AP2°% This highlights
an advantage of translational repression
over transcript cleavage—the former can
effectively repress target gene expression
despite feedback transcriptional regula-
tion of the target genes.

Studies on Arabidopsis miR156/157
also pinpointed translational repression
as an important mode of action of this
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miRNA. miR156/157 targets the 3' UTR
of the SBP (SQUAMOSA promoter-bind-
ing protein) box gene SPL3 and inhibits
SPL3 expression at the protein but not the
RNA level.” Recently, Yang et al. screened
for Arabidopsis mutations that enhance
the expression of miR156-regulated
SPL3, and identified SUO as a compo-
nent in miR156/157-mediated repression
of SPL35° SUO does not affect the tran-
script levels of SPL3 or CSD2 (a target of
miR398%), but reduces their protein levels
in a miRNA-dependent manner, suggest-
ing that SUO is essential for miRNA-
mediated translational repression. SUO
encodes a GW (glycine and tryptophan)
repeat protein and further investigations
are needed to determine if it is function-
ally related to GW182 found in animals.
The role of plant miRNAs in trans-
lational inhibition was strengthened by
biochemical and genetic studies. Lanet
et al. provided biochemical evidence that
miRNAs and AGOI are associated with
polysomes.”® Brodersen et al. performed
a genetic screen looking for Arabidopsis
mutants unable to silence a constitutively
expressed GFP mRNA that contains a
miR171 target site downstream of the stop
codon.”” They identified two microRNA
biogenesis deficient (mbd) mutants (mbdl
and mbd?2), and six miRNA action deficient
(mad) mutants (madl-6). Interestingly,
mbdl,2 and madl—4 have increased lev-
els of GFP mRNA and protein compared
with wild-type plants, whereas mad5 and
mad6 have similar GFP mRNA levels but
much higher GFP protein levels relative to
wild-type plants, suggesting that MAD5
and MADG are required for miR171-
mediated translational repression of the
GFP reporter gene. Our recent work dem-
onstrated that ALTERED MERISTEM
PROGRAMI1 (AMPI), which encodes
an ER membrane protein, is required for
miRNA-mediated repres-
sion.®® The fact that target genes of mul-
tiple miRNAs are de-repressed at the
protein level in mad5, mad6, and ampl
mutants suggests that translational repres-

translational

sion is a widespread activity of plant
miRNAs. Although a disparity in plant
miRNAS’ effects on the expression of their
target genes at the protein vs. mRNA level
has been attributed to their translational
inhibition activity, such attribution was
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Figure 1.Subcellularlocations where miRNA biogenesis oractivity takes placein plants. A pri-miRNA
is processed by a DCL1 complex into a pre-miRNA (arrow 1) and, subsequently, a miRNA:miRNA*
duplex (arrow 2). The mature miRNA is loaded into AGO1 and represses target mRNAs through both
mRNA cleavage (not diagramed) and translational repression. It is not known whether miRISC is
capable of translational repression in the cytosol, but it is likely transported to the rough ER (arrow
3) or P-bodies (arrow 4), both of which are subcellular compartments where translational repression
by miRNAs has been implicated to take place. The integral ER membrane protein AMP1 interacts
with AGO1 and inhibits the loading of miRNA target mRNAs onto membrane-bound polysomes.
How the P-body component and decapping factor VCS mediates the translational repression activ-
ity of plant miRNAs is currently unknown. Lipid metabolism (e.g., sterol synthesis), which influences
membrane composition or states, also affects miRNA activity via an unknown mechanism. In addi-
tion, cytoskeleton (e.g., microtubules) dynamics may influence miRNA activities by affecting the

largely extrapolated from the translational
repression activity of animal miRNAs
and lacked experimental support until
our studies on AMPI.®® Measurements of
protein synthesis from the miR398 target
gene CSD2 in wild-type and amp! plants
showed that the lower CSD2 protein lev-
els in wild type as compared with ampl
were due to reduced protein synthesis.
Similarly the lower protein levels from the
miR165/166 target gene PHABULOSA
in WT as compared with ampl were also
found to be due to reduced protein syn-
thesis. These results demonstrate that
plant miRNAs repress the translation of
target mRNAs.

A Membrane-Small RNA
Connection in Animals and Plants

Inan earlyattempt to isolate novel Golgi
or ER proteins, Cikaluk et al. identified
rat GERp95,%" which was later found to
be an ortholog of mouse or human Ago2,
a miRNA effector protein.®*** GERp95
was found to be associated with the ER in
many cell types and also with the Golgi
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in some cell types.”’ Human Ago2, as well
as human Dicer, was also found in the
ER membrane fraction, although Dicer
was mostly present in the cytosol.” This
raises the possibility that miRNA bio-
genesis and/or activity is associated with
the endomembrane system. This view-
point was reinforced by Gibbings et al’s
study that showed that human GW182
and Ago2 localize to the endosomes and
multi-vesicular bodies (MVBs).?® They
also showed that knockdown of ESCRT
(endosomal sorting complex required
for transport) components compromises
miRNA activity. A parallel study iden-
tified Drosophila HSP4 (Hermansky-
Pudlak syndrome 4), which is involved in
endosome trafficking, as a critical factor
in siRNA- and miRNA-mediated silenc-
ing.” They showed that depletion of
HSP4 or ESCRT factors that blocks MVB
formation impairs miRNA silencing in
both flies and human cell culture. These
studies indicated that MV Bs are the sites
where siRNA-Ago2 or miRNA-Ago2 dis-
assembly occurs, and the disassembly aids
the recycling of Ago2 for another round
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of small RNA loading. Recently, Stalder
et al. revealed that only a minor fraction
of siRNAs or miRNAs has the potential to
load into an RNA-induced silencing com-
plex (RISC), and Ago2-bound siRNA or
miRNA accumulates in the ER and Golgi
fractions in HeLa cells.”* They demon-
strated that Ago2, TRBP (transactiva-
tion-responsive  RNA-binding protein),
and a small amount of Dicer are associ-
ated with the rough ER (tfER) membrane,
suggesting that RISC loading occurs at
rER. They further showed that Ago2 is
anchored on the ER membrane through
TRBP and PACT (protein activator of the
interferon-induced protein kinase PKR),
because depletion of TRBP or PACT dis-
rupts the Ago2-membrane association.
The products of siRNA-Ago2-mediated
slicing of target mRNAs were also asso-
ciated with the rER fractions, indicating
that siRNA-Ago2 acts on the rER.

In plants, a link between endomem-
branes and miRNA activities is also emerg-
ing. Brodersen et al. cloned MAD3 and
MAD4 in Arabidopsis, which are required
for the target repression activities of miR-
NAs. These two genes participate in iso-
prenoid and lipid biosynthesis and are thus
likely to help maintain normal membrane
composition or states.”” They showed
that AGOL is present in both soluble and
membrane fractions and it is a peripheral
membrane protein, because AGO1 could
be released from membranes upon washes
with high-salt or alkaline solutions. This
raised the question of which membrane
AGOLl or possibly miRISC docks on.
Our recent study showed that AGO1 is
partially co-localized with the ER and
interacts with an ER integral membrane
protein AMP1, which is indispensable for
miRNA-mediated repres-
sion® (gray box in Fig. 1). Furthermore,
we showed that AMP1 precludes the
recruitment of miRNA target transcripts

translational

onto membrane-bound polysomes. This
suggests that plant miRNAs inhibic the
translation of their target mRNAs on
the rER. These studies begin to build a
link between miRNA activity and the
ER membrane, and reveal a novel func-
tion of the ER. AMP1 is homologous to
several mammalian proteins, some with
N-acetylated-a-linked acidic dipeptidase
activity; thus, whether its mammalian
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homologs have similar functions deserves
further investigations.

Microtubule, P-body, and Lipids
are Linked to miRNA Activities,
Including Translational Inhibition

As mentioned earlier, Arabidopsis
mad5 and mad6 mutants are defective in
miRNA-based translational repression.””
MADS5 encodes the microtubule-severing
enzyme KATANIN. Interestingly, a link
between miRNA activities and micro-
tubules was also observed in animals.
For example, genome-wide screens in C.
elegans identified numerous cytoskeleton
components linked to miRNA function.”
In sea urchin, SEAWI, a homolog of
PIWI/AGO, is a component of a micro-
tubule-associated ribonucleoprotein com-
plex.” Thus, miRNA-based translational
repression or miRNA activities in general
may rely on cytoskeleton dynamics in
diverse species.

miRNA activities
associated with mRNA-processing bod-

have also been

ies (P-bodies). P-bodies were originally
named by Sheth and Parker, who found
that mRNA decapping and 5’ to 3" degra-
dation occur in discrete cytoplasmic foci
(thereafter termed as P-bodies) in yeast.”?
Later studies revealed that Ago2/miRISC
localizes to P-bodies*”*  Although
miRNA localization is clearly linked to
P-bodies, Chu and Rana suggested that
miRNA-mediated translational repression
in cultured human cells does not require
P-bodies, as disruption of P-bodies by
depleting Lsm1 has no effect on RNAi
activity and does not affect the interaction
of Ago2 with RCK/p54, a DEAD box
helicase essential for miRNA-mediated
translational repression.”” They proposed
that transfer of miRISC to P-bodies is
not a cause, but rather a consequence
of translational repression. In contrast,
studies in plants implicate P-bodies in
miRNA-mediated translational repres-
sion. In Arabidopsis, VCS, Decapping 1
(DCP1), and DCP2 form a decapping
complex localized to P-bodies.” Brodersen
et al. observed that in Arabidopsis, ves-1
and ves-7 mutants have increased protein
accumulation without changes at mRNA
levels for a few miRNA target genes, sug-
gesting that the decapping factor VCS is
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required for miRNA-based translational
repression” (Fig. 1). Another P-body com-
ponent, DCP5, was found to be required
for translational repression of certain cel-
lular mRNAs,”” but whether it acts in
miRNA-mediated translational repres-
sion is unknown. Although P-bodies may
have different roles in miRNA activities
between animals and plants, P-bodies
may represent an important location dur-
ing miRISC’s intracellular sorting in both
animals and plants.

Lastly, miRNA activities have also
been linked to cellular lipid metabolism.
Arabidopsis MAD3 was recently found to
encode 3-hydroxy-3-methylglutaryl CoA
(HMG-CoA) reductase.®” Interestingly,
in C. elegans, HMG-CoA synthase is
also required for miRNA activity.”® Both
HMG-CoA reductase and HMG-CoA
synthase are enzymes in the mevalon-
ate pathway of lipid metabolism. The
end product of the mevalonate pathway
is isoprenoids, which feed into a variety
of biosynthetic pathways including those
of sterols, cholesterol, dolichol, heme,
etc. Arabidopsis MAD4 encodes sterol
C-8 isomerase; this suggests that sterols,
as an output of the isoprenoid pathway,
contribute to miRNA activities in plants.
In C. elegans, the dolichol pathway for
protein N-linked glycosylation, also an
output of the isoprenoid pathway, is
needed for miRNA activity.”® Because
N-glycosylation assists protein folding in
the ER, and sterols are membrane com-
ponents, these findings in Arabidopsis
and C. elegans bolster the connection
between miRNAs and the endomembrane
system. But how the isoprenoid pathway
impacts miRNA activities remains to be
uncovered.

Conclusions
and Future Perspectives

miRNAs elicit silencing by several
distinct but related modes of regulation:
translational repression, mRNA cleavage,
and mRNA decay. The current, simpli-
fied view on miRNA-mediated transla-
tional inhibition and mRNA decay in
animals is as follows: translational repres-
sion occurs at an early step of translation
initiation, followed by deadenylation, and
extensive mRNA decay. But so far, studies
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on the mechanisms of action of siRNAs
or miRNAs in animals have largely been
conducted without reference to the sub-
cellular locations of the small RNAs or
the proteins involved. Given the emerging
link between the activities of small RNAs
to membrane vesicles or the ER, it is essen-
tial that mechanistic studies in the future
take into consideration the involvement of
membranes.

Although mRNA cleavage was initially
thought to be the major mode of action
of plant miRNAs, studies in the past 10
y led to the unequivocal conclusion that
translational inhibition is an important
mode of action of plant miRNAs. Despite
this conceptual advance, knowledge on
the scale of miRNA-mediated transla-
tional repression in plants is still lacking,
as only a handful of miRNAs have been
shown to act via translational repression.
We anticipate global analyses such as ribo-
some footprint profiling, mRNA-seq, and
quantitative proteomics to be conducted
to reveal miRNA-based gene regula-
tion (by either translational repression or
mRNA cleavage) in a genome-wide scale
in plants. Such global analyses will facili-
tate the unraveling of miRNA-regulated
gene/protein networks in plants.

Our recent studies on AMPI1 in
Arabidopsis reveal the ER as a pivotal site
of miRNA-based translational repression
and prompt future studies that exam-
ine the cell biology of RNAI. Although
accumulative evidence has suggested that
miRISC undergoes trafficking via ER/
Golgi, P-bodies, MVB, and lysosome/
exosome, a clear picture of miRISC’s
intracellular dynamics remains to be
unveiled. Many questions remain to be
addressed. Are the different modes of
miRNA action physically separated in the
cell? Where does miRNA-guided cleavage
occur? How does cytoskeleton dynamics
affect miRNA activities? How do lip-
ids influence miRNA activities? What is
the miRNA machinery on the ER that is
responsible for translational repression?
Answers to these questions will place
RNA silencing in the context of subcel-
lular structures and may be essential to
solving various controversies currently
existing in the field and fully understand-
ing the molecular mechanisms of RNA
silencing.
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